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Abstract Crystalline Gaqs 1-D nanostructures and nano-
spheres could be fabricated by thermal evaporation under
cold trap. The influences of the key process parameters on
formation of the nanostructures were also investigated. It has
been demonstrated that the morphology and dimension of
the nanostructures were mainly controlled by working
temperature and working pressure. One-dimensional nano-
structures were fabricated at a lower working temperature,
whereas nanospheres were formed at a higher working
temperature. Larger nanospheres could be obtained when a
higher working pressure was applied. The XRD, FTIR, and
NMR analyses evidenced that the nanostructures mainly
consisted of d-phase Gaqs. Their DSC trace revealed two
small exothermic peaks in addition to the melting endo-
therm. The one in lower temperature region was ascribed to a
transition from ¢ to f phase, while another in higher tem-
perature region could be identified as a transition from f5 to §
phase. All the crystalline nanostructures show similar PL
spectra due to absence of quantum confinement effect. They
also exhibited a spectral blue shift because of a looser int-
erligand spacing and reduced orbital overlap in their J-phase
molecular structures.
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Introduction

In the last decade, nanoscale materials have drawn consid-
erable attention because they present an extremely high
surface area to volume ratio which makes a certain number
of optical, electrical, mechanical, and physical properties
apparently different from those of their counterpart bulk
solids [1-3]. Among the nanoscale materials, one-dimen-
sional (1D) form is particularly attractive because it may
provide access to three different contact regions, inner and
outer surfaces as well as both ends. One-dimensional
nanomaterials can also be used as the building blocks for
nanoscale devices. A number of studies have been devoted
to generate 1-D nanomaterials from most kinds of materials,
which clearly indicate that solid materials can be prepared as
1-D nanostructures by properly selected preparation meth-
ods [4]. However, the efforts were mostly focused on
inorganic or metallic nanomaterials. Only few studies con-
cerning organic nanomaterials have been reported [5-8].
Until recently, it has been demonstrated that some 1-D
organic nanostructures exhibit promising applications for
optoelectronic devices due to their unique characteristics
such as flexibility, high photoconductivity, nonlinear optical
effects, good field-effect mobilities, and remarkable chem-
ical and thermal stabilities [9—11]. Therefore, more explo-
ration of 1-D organic nanostructures is certainly required,
and precise morphological control of the organic nano-
structures has to be obtained before practical applications.
Previously it has been reported that single-crystalline copper
phthalocyanine (CuPc) nanoribbons with a good controlled
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diameter ranging from 50 to 125 nm could be formed by
physical vapor transport technique. Various architectures of
organic field-effect transistors (OFETSs) based on patterned
CuPc nanoribbons were also achieved [12-14].
8-Hydroxyquinoline metal chelate complexes (Mqs),
one type of the organic semiconducting materials, are
attracting increasing interests because they can be
employed in organic light-emitting diodes (OLEDs) as an
electron transport and emitting material [15—17]. They not
only contribute to lower operational voltages and high
efficiency of the devices, but also provide the capability for
color tuning which can be achieved by grafting different
substituents [16]. Among the Mqs, tris(8-hydroxyquinoli-
nato)aluminium(IIT) (Alqz) is most well known and has
been frequently used in OLEDs due to its stability and
good charge transport ability. Its fundamental characteris-
tics, such as molecular geometry and molecular orbitals,
have also been explicitly reported [18, 19]. More recently,
it was demonstrated that Alqs nanostructures could be
prepared by means of physical thermal evaporation [20-
23]. The amorphous Alqs; nanoparticles could grow into
o-phase crystalline nanowires by a one-step heat treatment
process. A complete structural transformation to crystalline
nanowires would lead to a blue shift and enhanced intensity
of the photoluminescence (PL) spectrum [20, 21]. Some
inorganic semiconductor quantum dots also exhibited out-
standing optical properties due to the large oscillator
strengths, narrow spectral linewidths, and high stability, so
that they could be easily integrated inside devices [24, 25].
Unfortunately, the rigidity and bio-uncompatibility of most
inorganic nanomaterials will be bottlenecks limiting their
applications to flexible and biological devices. Thus for
long-term development tendency, organic semiconductor
nanostructures reveal more potential and advantages, as
compared to inorganic nanomaterials.
Tris(8-hydroxyquinoline)gallium(III) (Gaqs), another
Mgqs first reported by Burrows et al., could provide a higher
electroluminescence yield than Alq; when it was used in
OLEDs. This suggested that it could be a more promising
candidate as an electron transport and emitting material.
[26-28]. Therefore, the preparation method, optical, phys-
ical, and crystallographic characteristics of Gaqs nano-
structures are worthy of further investigation. In this work, a
similar thermal evaporation approach for fabrication of
Gaqg; nanowires and nanospheres was disclosed. The key
process parameters such as working gas, working temper-
ature, and working pressure were varied to achieve various
morphologies and dimensions. It was demonstrated that the
nanostructures mainly consisted of J-phase Gaqs. The DSC
analysis of crystalline nanospheres revealed a transition
from 6 to f phase in the lower temperature region and
another transition from f to ¢ phase in the higher temper-
ature region. All the nanostructures showed similar PL

spectra and a spectral blue shift due to a looser interligand
spacing and reduced orbital overlap in the crystalline
nanostructures.

Experimental

Gaqs; nanowires and nanospheres could be fabricated by
thermal evaporation. The schematic thermal evaporation
system had been presented elsewhere [29]. This system
mainly consists of four parts: a process chamber, a
pumping system, a gauge system, and a heating system.
Two graphite electrodes are installed in the middle of the
process chamber. A graphite boat spanning across the two
electrodes is used as a resistive heater. The DC current
applied to the graphite boat is converted by a power supply
transformer. A K-type thermocouple in contact with the
boat is employed to control the working temperature. The
conjunctional circuits of the power supply, thermocouple,
and cooling water are arranged below outside the process
chamber. A movable shutter is utilized to control evapo-
ration time. The pumping system including a rotary vane
pump and a turbo pump is able to evacuate the process
chamber down to a pressure lower than 1 x 107 torr. The
top of the process chamber is a liftable cap with a hollow
cavity inside. Liquid nitrogen can be poured into and fill
the cavity for rapid uniform cooling of the n-type (100)
silicon substrates. The substrates were repeatedly ultra-
sonically rinsed in acetone followed by dry purge of N, gas
before use. They were then adhered to the underside of the
cap for growth of Gaqs nanostructures. A stainless steel
ring was put on the graphite boat, and commercial Gaqy
powder was placed into the ring. The distance between the
graphite boat and the substrate was fixed at 10 cm.

The working gases used in this study are He and Ar.
After the process chamber was evacuated to 1 x 107 torr,
the working gas was introduced into the chamber. Once the
graphite boat was heated to the working temperature, the
shutter was moved away and thermal evaporation started.
Meanwhile, liquid nitrogen was poured into the hollow
cavity for cold trap of sublimed Gaq; molecules on the
substrate. After the condensation was complete, the process
chamber was evacuated again, and the whole system
returned to room temperature. The key process parameters
in the thermal evaporation process are working gas,
working pressure, and working temperature, etc. Various
parameters cause dissimilar nanostructures. The working
pressures of 10 and 50 torr and the working temperatures
ranging from 310 to 400 °C were adopted to investigate
their influences on the morphology and dimension of
nanostructures by a field emission scanning electron
microscope (FESEM, JEOL-JSM6500F). An X-ray dif-
fraction (XRD) spectrometer (Shimazu-Mode-XRD-6000)
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with Cu Ka radiation (A = 1.5451&) and a scanning rate of
1 deg/min was employed to examine the crystallinity of
Gaq; powder and nanostructures. A differential scanning
calorimeter (DSC, Seiko 220C) with a heating rate of
20 °C/min was used to analyze their thermal properties.
The infrared (IR) spectra were achieved by a fourier
transform infrared (FTIR) spectrometer (HORIBA FT-730)
with a scanning rate of 5 mm/s and a resolution of 4 cm™"
to identify their isomorphism. The nuclear magnetic reso-
nance (NMR) spectra were obtained by the spectrometers
of Bruker DSX400WB and Varian Unityinova 500. Their
PL spectra ranging from 400 to 700 nm were measured
using a fluorescence spectrometer (Perkin Elmer LS55)
with an excitation wavelength of 390 nm and a scanning
rate of 500 nm/min.

Results and Discussion

(1) Preparation of Gaqgs nanostructures

The key parameters of the thermal evaporation process
such as working gas, working temperature, and working
pressure were altered in order to achieve various Gaqs
nanostructures. When the working gas is He and the
working temperature is lower than 350 °C, 1-D Gaqs
nanostructures with a diameter ranging from 40 to 80 nm
and a length of 100-600 nm are formed, as shown in
Fig. 1. No matter the working temperature is 310 or 330 °C

Fig. 1 FESEM micrographs of
the Gaq; 1D nanostructures
fabricated in He of various
working pressures at the
working temperatures lower
than 350 °C: a 10 torr at

310 °C, b 50 torr at 310 °C,

¢ 10 torr at 330 °C, and d 50
torr at 330 °C

@ Springer

in He, longer nanowires can be obtained at a lower working
pressure (10 torr), and shorter 1-D nanostructures are
acquired at a higher working pressure (50 torr). It is per-
ceived that the working pressure of He is certainty crucial
to the length but shows no apparent influence on the
diameter of the 1-D nanostructures. When the working
temperature increased to 350 °C, similar Gaqs 1D nano-
structures were also observed under various working
pressures of He. They accompanied with few aggregations
of small nanoparticles especially at a higher working
pressure (not shown). As the working temperature raises to
370 °C, a network of connected small Gaq; nanoparticles
are fabricated at a lower working pressure (10 torr),
whereas 1-D nanostructures along with some larger merged
nanoparticles are observed at a higher working pressure
(50 torr), as shown in Fig. 2. When the working tempera-
ture is further raised to 390 or 400 °C, only nanospheres
with a smooth surface are observed, as displayed in Fig. 3.
Their size is larger than the nanoparticles obtained at a
lower working temperature (370 °C). Smaller nanospheres
are formed at 10 torr of He no matter the working tem-
perature is 390 or 400 °C, as revealed in Fig. 3a and c.
Larger nanospheres can be observed at a higher working
pressure of He (50 torr), as shown in Fig. 3b and d. Their
diameter ranges from 200 to 400 nm as the working tem-
perature is 390 °C (Fig. 3b). A wider distribution range of
diameter from 300 to 700 nm is demonstrated when the
working temperature increases to 400 °C (Fig. 3d).

200 nm
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Fig. 2 FESEM micrographs of
the Gaqs; nanostructures
fabricated at 370 °C in He of
various working pressures: a 10
torr and b 50 torr

Fig. 3 FESEM micrographs of
the Gaq; nanostructures
fabricated in He of various
working pressures at higher
working temperatures: a 10 torr
at 390 °C, b 50 torr at 390 °C,
¢ 10 torr at 400 °C, and d 50
torr at 400 °C

(2) Working gas type

Similar results could also be observed when the working
gas was changed to Ar under the same conditions of
working pressures and temperatures (not shown). Since an
Ar atom has a larger atomic size and weight than a He
atom, the sublimed Gaq; molecules lose more energy after
colliding with Ar atoms, and larger structures were thereby
formed on the cold substrate. For example, as the working
temperature is 390 °C and the working pressure is 50 torr,
the average diameter of the nanospheres formed in He is,
approximately, 300 nm (Fig. 3b), whereas that obtained in
Ar is over 1 um. Nevertheless, the sizes of He and Ar
atoms are relatively small compared with a Gaqs molecule.
Therefore, the type of working gas showed more negligi-
ble influences on the morphology and dimension of
Gaqz nanostructures than working pressure and working
temperature.

(3) Working temperature and working pressure

Unlike working gas, the working temperature for ther-
mal evaporation affects the morphology and dimension of
nanostructures significantly. When Gaqz molecules acquire
enough thermal energy from the graphite boat heater, they
are vaporized and sublime toward the substrate above.
During the evaporation process, the sublimed molecules
collide with the inert gaseous atoms within the chamber
and thereby lose energy. As a result, small Gaqs nuclei
form before they reach the substrate and are trapped on the
cold substrate subsequently. More molecules adsorb onto
the nuclei by intermolecular n— interaction and the nuclei
gradually grow into larger structures if the evaporation is
continuously proceeding. At a lower working temperature,
the flow rate of sublimed molecules is relatively lower and
the nuclei are smaller, so there is more time for molecular
adsorption and pileup along one-dimension to form 1-D
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nanostructures. When a higher working temperature close
to the melting point of Gaqs is applied, a large amount of
sublimed molecules burst out in a short time and the flow
rate of sublimed molecules is higher, so larger nuclei form
before reaching the substrate, leading to the growth of
larger spherical structures on the substrate. The formation
of Gaq; nanowires at a lower working temperature and
nanospheres at a higher working temperature was also
demonstrated by Tian et al. [30] On the other hand, a
higher working pressure for thermal evaporation causes
higher collision frequency between sublimed molecules
and inert gaseous atoms, resulting in nucleation and growth
of larger structures as well. As revealed in Fig. 3a and b,
the diameter of the nanospheres formed at 390 °C in He is
around 60 nm as the working pressure is 10 torr, whereas
that obtained at 50 torr increases and ranges from 200 to
400 nm. Consequently, it can be concluded that working
pressure and working temperature are the two most crucial
factors for the growth of Gaq; nanostructures.

(4) Structural characterization and spectroscopic analysis

The XRD patterns of Gaqs powder and the nanostruc-
tures fabricated at 350 and 400 °C in 10 torr of He are
identified, as displayed in Fig. 4. Their crystallinity can be
further confirmed by FTIR and NMR spectroscopy.
According to the XRD data reported previously, the
powder is mainly composed of ff-phase Gaqs. Both the 1-D
nanostructures and nanospheres are mainly composed of
o-phase Gaqs [31, 32]. The similarity between crystalline
Gaqz and Alqz can be revealed by comparing the XRD
patterns of Gaqgs nanostructures with those of o-phase and
o-phase Alqz [33]. Through FTIR analysis, it has been
demonstrated that both a-phase and f-phase Gaqs consist

1D nanostructures
- nanospheres
3
s
2
)
c
3
c
- Gaqs powder
1 1 1 1 1
5 10 15 20 25 30

20
Fig. 4 XRD patterns of Gaq; powder and nanostructures. The 1-D

nanostructures are obtained in 10 torr of He at 350 °C, and the
nanospheres are formed in 10 torr of He at 400 °C
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Fig. 5 FTIR spectra of Gaq; powder and nanostructures. The 1-D
nanostructures are obtained in 10 torr of He at 330 °C, and the
nanospheres are formed in 10 torr of He at 400 °C

of the meridional isomer and J-phase Gaqs consists of the
facial isomer [31]. In this work, the FTIR spectra of Gaqs
powder and nanostructures are also measured, as displayed
in Fig. 5. They show similar absorption peaks above
1,000 cm ™!, This is attributed to similar vibration modes of
the hydroxyquinoline ligands no matter in the meridional
form of Gaq; powder or the facial form of nanostructures.
The principal fingerprints to discriminate the two isomers
locate in the region of 720-850 cm~ ! [31, 34]. In this
region, the powder exhibits splitting peaks while the
nanostructures show only single peaks without splittings.
This again demonstrates the meridional form of Gaqs
powder and the facial form of nanostructures. Although the
absorption peaks below 600 cm™' are contributed by the
vibrations of metal-oxygen (M-O) and metal-nitrogen
(M-N) bondings, the intensity is too weak to differentiate
the two dissimilar isomeric states.

Unequivalent carbon atoms in a compound can be dis-
tinguish by '*C NMR spectrum, as different electron den-
sities arise from varied chemical environments. The
isotropic resonance lines calculated by density functional
theory (DFT) for the meridional and facial isomers of Alqs
has been illustrated [35, 36]. The solution and solid-state
'3C NMR spectra of various Algs crystalline phases has
also been reported [37]. The solid-state '*C NMR spectra
demonstrated that both y-phase and J-phase Alqs consisted
of the facial isomer and a-phase Alqs was composed of the
meridional isomer. Moreover, Alq; existed as the meridi-
onal form in solutions [38]. Because the three ligands in the
facial isomer were chemically equivalent, the electron
density of the carbon atoms in each ligand was theoreti-
cally the same. Thus the DFT-calculated results revealed
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Fig. 6 Solution and solid-state '>*C NMR spectra of Gags: (a) Gags
dissolved in CDCl3, (b) Gaqz powder, (c) 1D nanostructures formed
in 10 torr of He at 350 °C, and (d) nanospheres obtained in 10 torr of
He at 400 °C

only one single peak for each carbon atom. By contrast, the
three ligands in the meridional isomer were chemically
unequivalent, so the DFT-calculated peak of each carbon
atom showed splittings. Based on above studies, similar
analysis approaches were also applied to Gags. The '*C
NMR spectra of Gaq; powder and nanostructures are dis-
played in Fig. 6. Because the characteristic chemical shifts
of Gaqs in solutions approximates to those of Alqz in a
solution state, it is deduced that Gaq; also exists as the
meridional form in solutions (Fig. 6a). Although the reso-
lution of the solid-state '>*C NMR spectra is inferior, it still
can be noticed that the 1-D nanostructures and nanospheres
exhibit similar spectra (Fig. 6¢c and d), while the spectrum
of Gaq; powder is apparently different (Fig. 6b). It is then
evidenced that the nanostructures consist of the facial
isomer instead of the meridional isomer, i.e., they can be
classified as d-phase Gaqs.

(5) Thermal analysis

The major difference between Gaqs and Algs nano-
structures is that Gaqz nanostructures are crystalline
whereas Alqsz nanostructures are amorphous [20-22].
Because the molecular weight of Alq; is lower than that of
Gagqs and the working temperatures for evaporation of Alqgs
nanostructures are higher than those of Gaqs; nanostruc-
tures; the energy loss and nucleation of sublimed Alqgs
molecules are rapid, resulting in faster growth of Alqgs
nanostructures on the substrate. The Alq; molecules can
thereby stack in a more disordered way and generate the
amorphous state. The formation of crystalline Gaqs

nanostructures can be attributed to slower sublimation and
growth so that Gaqs molecules are able to stack in a more
ordered way. The thermal properties of Gaqs; and Alqs
nanostructures are also similar [20-22]. Both Gaq; and
Alg; nanospheres exhibited two peaks on their DSC curves,
implying two phase transitions occurred in their heating
processes. One was at around 120-150 °C and the other
was at around 350-390 °C. The one in the lower temper-
ature region of amorphous Alqs nanospheres has been
identified as a transition to o phase [20]. Since the melting
point of Gaqs is around 10 °C lower than that of Alqs, the
intermolecular interaction of Gaqy is comparatively
weaker. Thus, it is reasonable to deduce that the two-phase
transition temperatures of Gaqs nanostructures are lower
than those of Alqs; nanostructures.

Figure 7 shows the DSC traces of Gaqs powder and the
nanospheres formed in 30 torr of He at 400 °C. It reveals
that the powder exhibits a large melting endothermic peak
at 409.5 °C. Since the powder has been identified as
p-phase Gaqs; based on XRD, FTIR, and NMR analyses,
the coupling peak including an endotherm at 385.8 °C and
an adjacent exotherm at 389 °C can be ascribed to the
phase transition from f to J phase [16, 31]. This is a
meridional to facial isomerization involving a ligand flip in
the solid state. Besides the large melting endotherm at
403.7 °C, the nanospheres show another two small exo-
thermic peaks at around 137 and 364 °C, respectively. The
exotherm at 364 °C can also be ascribed to the phase
transition of f§ to § phase, lower than the transition tem-
perature of Gaqs powder. With a large surface-to-volume
ratio (specific area), the nanospheres exhibit higher surface
energy and require less enthalpy for phase transition,
leading to reduced temperatures of phase and melting
transitions. It is then deduced that another small exotherm

2
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H nanospheres
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389.0

Gag3 powd
aq3 powder 1858

409.5

«— endothermic

100 150 200 250 300 350 400 450

Temperature (°C)

Fig. 7 DSC traces of Gaq; powder and the nanospheres fabricated in
30 torr of He at 400 °C
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of the nanospheres at 137 °C is caused by the phase tran-
sition from J to § phase. As the nanospheres were heated
from room temperature to 137 °C, they gained enough
energy to rearrange into a more stable low-temperature
phase, and were subsequently transformed into J phase at a
higher temperature.

(6) Photoluminescence property

The PL spectra of Gaq; powder and nanostructures are
examined, as shown in Fig. 8. The 1-D nanostructures and
nanospheres are fabricated in 10 torr of He at 330 and
400 °C, respectively. All the spectra have a broad peak in
the wavelength range of 400-700 nm. The emission max-
imum of Gaqs; powder is at 518 nm. All the nanostructures
show the same emission maximum at 508 nm regardless of
their morphology and dimension. Thus, it is evident that
the PL property of nanostructures is affected neither by
morphology nor dimension, in accordance with previous
studies [30, 39]. This indicates that Gaqs nanostructures
present no quantum confinement effect due to the relatively
weak van der Waals force among neighboring molecules
[40]. Another worth mentioning phenomenon is that all the
nanostructures exhibit a spectral blue shift of 10 nm. This
can be interpreted by different isomeric states and inter-
molecular interactions between the nanostructures and
Gaqs; powder [37]. The molecular packing in the J-phase
nanostructures (facial form) has a looser interligand spac-
ing compared to the f-phase powder (meridional form),
consequently resulting in reduced orbital overlap and a
spectral blue shift.

1D nanostructures

nanospheres

PL intensity (a.u.)

Gaq3 powder

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 8 PL spectra of Gaqz powder and nanostructures. The 1-D

nanostructures are obtained in 10 torr of He at 330 °C, and the
nanospheres are formed in 10 torr of He at 400 °C
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Conclusions

This study has disclosed a physical thermal evaporation
approach for fabrication of crystalline Gaqs nanospheres
and 1-D nanostructures under cold trap. The influences of
working gas, working temperature, and working pressure
on the formation of the nanostructures were explored as
well. It was demonstrated that their morphology and
dimension were mainly controlled by working temperature
and could be modulated by varying working pressure. A
lower working temperature caused growth of 1-D nano-
structures, whereas a higher working temperature resulted
in formation of nanospheres. When working pressure
increased, larger nanospheres were obtained. To summa-
rize, 1-D crystalline nanostructures could be fabricated in
He gas at 310-330 °C, and crystalline nanospheres could
be formed in He gas at 390-400 °C. According to XRD,
FTIR and NMR analyses, Gaqz raw powder was identified
as f§ phase and the crystalline nanostructures mainly con-
sisted of d-phase Gaqs. The DSC trace of crystalline nan-
ospheres revealed two small exotherms in addition to the
large melting endotherm, implying two phase transitions
occurred during the heating process. The one in lower
temperature region was ascribed to a transition from 9 to f§
phase, and another in higher temperature region could
represent a transition from f§ to ¢ phase. Due to absence of
quantum confinement effect, all crystalline nanostructures
show similar PL spectra with an emission maximum at
around 508 nm regardless of their morphology and
dimension. Compared with the f-phase powder, the o-
phase nanostructures had a loose molecular packing and
interligand spacing, leading to decreased orbital overlap
and a spectral blue shift.
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